I. INTRODUCTION
M ULTIPLE-INPUT-MULTIPLE-OUTPUT (MIMO) technique is an attractive technology to improve the performance of the wireless communication system. The performance, i.e., throughput and outage, of MIMO links depends not only on the antenna performance, but also on the propagation environment. Hence, testing of mobile terminal devices needs to consider both the multiple terminal antennas as well as the realistic propagation environment. Over-the-air (OTA) antenna test methods have been widely used for multiantenna-equipped mobile devices.
Standardization works for the OTA test method to measure the MIMO performance have been intensively coordinated by the Cellular Telecommunications Industry Association (CTIA) and 3rd Generation Partnership Project (3GPP), where several different methods have been proposed [1] . One mandatory requirement of any test method is to emulate a realistic electromagnetic environment where mobile terminals operate in reality. Geometry-based channel models such as the spatial channel model (SCM) and SCM extended (SCME) provide base lines of the electromagnetic environment in the MIMO performance testing.
One of the proposed MIMO OTA antenna test methods in the standardization is the use of an anechoic chamber equipped with multiple probe antennas that emulate the intended electromagnetic environment inside a confined area of the chamber, which is called a test zone. We place a mobile terminal under test in the center of the test zone during the test. To emulate desired spatial and temporal characteristics of the intended electromagnetic environment defined by the channel model, two techniques have been reported in the literature. One technique is the prefaded signal synthesis (PFS) [2] - [4] , which has been implemented in commercial tools. In [2] , the feasibility of the PFS technique is experimentally validated in terms of power delay profile (PDP), power Doppler spectrum (PDS), and spatial correlation function (SCF) of the fields in the test zone. In [3] , the PFS technique is verified through measurements of the PDS and SCF of the test zone field. The other potential technique is called a plane-wave synthesis (PWS) [5] - [10] . In [5] , the PWS technique is validated experimentally through the accuracy of the synthesized test zone field in power, while the phase accuracy is discussed in [7] . In [3] and [10] , PWS technique is verified by comparing the simulated and measured phase of the synthesized fields and the throughput, respectively.
Both methods are known to be equally capable for the MIMO OTA tests, though the different field emulation methods are used. However, there is no sufficient experimental evidence that the two methods performs equally fine, other than the work [9] ; the work compares the two methods only on computer simulations of PDS, SCF, and temporal correlation function. As such, the simulation works in [9] give the initial idea about the justification of the two methods, but still lack the measurement verifications. Therefore, we in this letter provide verification of this compatibility based on measurements of the throughput. Among possible figure-of-merit (FoM), throughput is the most important one in the MIMO OTA test of a multiantenna terminal as the end results of radio link performance [1] , [11] . We, in particular, report the throughput against downlink (DL) power at a multiantenna mobile terminal under the identical setup of a multiprobe OTA chamber. The mobile terminal operates at the Long Term Evolution (LTE) downlink frequency of 806 MHz. The urban microcellular (UMi) scenario of the SCME [12] is considered as a target multipath channel. The comparison shows, for a fixed median throughput, the corresponding DL power of the fields generated by the PFS and PWS techniques are different by 1.0 dB at most for various browsing positions of the mobile terminal.
The rest of this letter is organized as follows. Section II describes the configuration of the anechoic-chamber-based multiprobe MIMO OTA antenna test Section III reports a measurement setup, procedure, and results, and Section IV concludes this letter.
II. MIMO OTA ANTENNA TESTING IN A CHAMBER

A. Probe Setup
An illustration of the probe antennas arranged on a 2-D space in an anechoic chamber is shown in Fig. 1 . The main components of the test system are a communication tester, a fading emulator, and a number of probe antennas. In Fig. 1 , eight equally spaced dual-polarized antennas are distributed in the azimuth plane. The communication tester creates the DL transmit signals, which are fed to a multichannel fading emulator. The fading emulator generates the multipath environment. The output ports of the fading emulator are connected to the dualpolarized probe antennas. The radio frequency signals emitted from the probes to the air are controlled by the fading emulator to produce the intended electromagnetic environment inside the test zone. For the present 2-D test setup, a mobile terminal is at the center of the circular test zone with radius of r and sends the data acknowledgement signals to an uplink (UL) communication antenna inside the chamber. The UL communication antenna is connected to the communication tester via a coaxial cable. It is required that the intended electromagnetic field should be accurately emulated inside the test zone, so that the multiantenna mobile terminal would experience the same propagation channels as it would be in the operation environment.
B. Field Emulation Techniques 1) PWS Technique:
The PWS technique creates the intended electromagnetic field inside the test zone by exciting the multiple probes with proper complex weights, such that the total field from the probes resembles the intended field. The field is generated by superimposing multiple plane waves with specific angles of arrival (AoAs), Doppler shift, and magnitudes. The PWS technique reported in [5] , [6] , and [10] is based on the spherical wave theory [13] , stating that any plane wave field in a test zone can be expressed by a finite sum of orthonormal wave modes. This spherical wave theory provides theoretical justification of the required number of probes as a result of its wellknown cutoff properties of the orthonormal modes. The PWS technique supports line-of-sight (LOS) paths between OTA antennas and controlled plolarization of paths. A drawback of the PWS technique is the requirement of phase calibration.
2) PFS Technique: The PFS technique generates the intended field in the test zone by a superposition of clusters, i.e., groups of multipath components [3] , [4] , [9] . The clusters are defined by their nominal AoAs, angular spreads of arrival, Doppler spectrum, and cross-polarization ratios. The PFS technique emulates the intended field by weighting the independent fading signals transmitted from the multiple probes. The signal weighting is made so that the power angular spectrum of the emulated field resembles that of the intended field. This leads to the accurate emulation of the spatial correlation characteristics inside the test zone [3] , [9] . The PFS is recommended for standard models with wide clusters and Rayleigh fading or Ricean fading with single LOS component. The main benefit of the PFS compared to the PWS is that; phase calibration is not required.
III. MEASUREMENTS
A. Setup and Procedure
A measurement campaign was carried out in a MIMO OTA test setup at Anite Telecoms Oy, Finland (currently Keysight Technologies). It measures the throughput of a mobile terminal utilizing both the PWS and PFS techniques. The measurement system consists of an Anritsu MT 8820C communication tester, a Propsim F32 channel emulator, eight Vivaldi dual-polarized probe antennas, and a Nokia Lumia 635 mobile terminal at the center of the test zone as a test device.
Mobile terminal was placed on a turnable table, which allows us to align their orientations in the azimuth plane. The measurements were performed at 806 MHz, which is the LTE lower band 20. The modulation and coding scheme (MCS) 20 with 64 QAM DL modulation was considered in the measurements. The maximum DL theoretical throughput is 35.424 Mb/s. Details of the measurement setup and parameters can be found in [11] . Fig. 2 shows a part of the measurement setup inside the anechoic chamber. Eight uniformly spaced probes on the azimuth ring out of three rings on the elevation domain, as shown in Fig. 2 , were connected to the fading emulator, while the rest of the probes on the other rings not in use were terminated during the measurement. The probe antennas were placed on the probe ring with the radius, R in Fig. 1 , of 1.5 m to ensure the far-field condition according to the study in [14] . Mobile terminal has two LTE-band-20 antennas, which are located at the lower back left and right side of the terminal, respectively, and have almost omnidirectional radiation patterns. Details of the antenna patterns can be found in [14] . The base-station antenna array considered in the channel emulator consists of colocated ±45
• slanted dual-polarized dipoles fed with equal power [1] .
Before performing the throughput measurements, the test equipment chain in the MIMO OTA antenna test setup was calibrated to ensure equal responses from each probe, in both magnitude and phase, by compensating for errors caused by setup such as probe misplacements and cable length variations. Reference electric and magnetic dipoles were used for the calibration of the vertical and horizontal components of the transmitted signal, respectively.
The PWS and PFS measurements were similar in terms of hardware requirements. As Propsim F32 channel emulator utilizes the PFS technique, the PFS measurements were performed without any change in the fading emulator. The power weights of the probe antennas were generated in the fading emulator. However, for the PWS measurements, the calculated complex probe weights based on spherical wave theory were imported to the fading emulator.
In the throughput measurement, the mobile terminal was placed at the center of the test zone, as shown in Fig. 2 . The mobile terminal sends data acknowledgment signals back to the communication tester. The throughput was finally evaluated for both techniques at the communication tester as
where TP is the throughtput, BLER is the block error rate, and R b is the transmit bit rate, which was 35.424 Mb/s defined by MCS 20. The DL signal-to-noise ratio at the mobile was controlled by varying the magnitude of the probe weights in fading emulator so that the total power per 15 kHz subcarrier received by mobile terminal at the center of the chamber is between −95 and −108 dBm. All measurements were performed under SCME UMi channel conditions. In practical use of mobile terminals, they could operate in random orientations. The measurement was conducted in different • (L0), and landscape tilted by 45
• (L45), as defined in Fig. 3 . For each browsing position, the mobile terminal was rotated on the azimuth plane with a step size of Δφ = 30
• , leading to 12 azimuthal steps in total. The throughput for each browsing position was obtained by averaging throughput over all the azimuthal rotation steps. illustrates the throughput for the browsing position L45, as defined in Fig. 3(d) . The difference of the DL power between these two techniques is 0.2 dB for the median throughput. Similar measurements were performed for other browsing positions in Fig. 3 , showing that the differences of the DL power between the two techniques are at most 0.6 dB for the median throughput. A summary of DL power difference between the PFS and PWS techniques at the median throughput for different browsing positions of the mobile terminal is presented in Table I . The difference was found to be less than 1.0 dB, indicating that both emulation techniques are equally capable of reproducing the throughput. This is in line with the findings from [9] , where it is concluded through simulation that the spatial, polarimetric, and temporal dimensions of the target channel model can be created with both techniques.
B. Results
IV. CONCLUSION
In this letter, we compare two field emulation techniques, namely the PWS and PFS techniques, in the identical measurement setup of the multiprobe MIMO OTA chamber. The comparison is performed by measuring throughput, which is the actual FoM for the MIMO OTA testing. The measurements considered SCME UMi channel conditions at 806 MHz, which is the LTE lower band 20. A practical multielement mobile device is used as a test device. The throughput measurements for four different browsing positions of the mobile terminal showed that the differences of the DL power between the two emulation techniques were less than 1.0 dB at the median throughput with different browsing positions. Hence, both techniques are equally capable of emulating the target field inside the test zone and are technically suitable for MIMO OTA antenna testing using a chamber equipped with multiple probes.
